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Acute photo-inactivation of clathrin in Drosophila synapses sheds new light on
a 35-year-old debate over mechanisms of synaptic-vesicle endocytosis:
clathrin is essential for reformation of functional synaptic vesicles, but not for
bulk membrane internalization.Avital A. Rodal and J. Troy Littleton
Presynaptic nerve terminals are
specialized for rapid exocytosis
of synaptic vesicles as a means of
information transfer across synapses.
Since the supply of synaptic vesicles
is limiting during high-frequency
stimulation, neurons critically depend
on rapid endocytosis and recycling
of depleted vesicles to maintain
synaptic transmission. The assembly
of clathrin cages has been
hypothesized to drive membrane
internalization and regenerate synaptic
vesicles from the plasma membrane,
but there has been controversy over
whether this process is essential, or
sufficiently fast, to account for vesicle
recycling. The debate began 35 years
ago with two electron microscopy
(EM) studies of the mechanism for
endocytosis following nerve
stimulation at the frog neuromuscular
junction (NMJ). Studies from Heuser
and Reese [1] showed that formation
of membrane invaginations appeared
to be rate limiting for sustained
release during strong stimulation.
The dominant mode of endocytosis
was suggested to be full collapse of
vesicles into the plasma membrane
and clathrin-dependent vesicle
reformation from larger membrane
intermediates. In contrast, Ceccarelli
and colleagues [2] proposed that
synaptic vesicles partially fuse with
the plasma membrane without losing
their identity, releasing their contents
and resealing for new rounds of
release without a clathrin-dependent
intermediate (‘kiss-and-run’). To
complicate matters further, synaptic
vesicles may also fuse with and bud
from larger endosomal structures
within the synapse (Figure 1). A
continuous stream of studies has
supported and refuted each hypothesis
without a conclusive resolution [3]. A
study published in this issue of Current
Biology from Davis and colleagues [4]
uses acute clathrin inactivation at
Drosophila NMJs to provide one of thestrongest arguments to date on the
mode of synaptic-vesicle endocytosis,
demonstrating that clathrin function is
essential for synaptic-vesicle formation
but not for all stimulus-dependent
membrane internalization at this
synapse.
The well-characterized Drosophila
NMJ provides an excellent
opportunity to test whether clathrin-
mediated endocytosis and endosomal
traffic are required for sustained
release of synaptic vesicles under
high-frequency stimulation.
Continued synaptic-vesicle
exocytosis under these conditions
has been hypothesized to depend
on the clathrin-linked endocytic
machinery, but existing mutants
provide only a partial block of
endocytosis [5–7], or are dominant
in nature and may cause non-specific
blocks in endocytosis [8]. Until now,
it has been difficult to prove that
clathrin-mediated endocytosis is the
primary, or only, mode of synaptic-
vesicle recycling at the Drosophila
NMJ. Inactivation of clathrin itself
would provide a more complete
block and direct test of the model,
but loss of clathrin results in early
lethality. Heerssen and colleagues [4]
have bypassed the lethality issue byusing a powerful photo-inactivation
technique, FlAsH-FALI, to acutely
disrupt clathrin function at the
Drosophila NMJ. This acute
inactivation method overcomes many
of the problems associated with long-
term clathrin inactivation by RNAi,
which previously provided the
strongest evidence against the
kiss-and-run mode of endocytosis
at hippocampal synapses [9].
Clathrin lattices assemble from
triskelia, which are formed by three
heavy chain–light chain dimers
(Figure 2A). A transgenically encoded
clathrin light chain containing a short
tetracysteine tag can be conjugated
to the membrane-permeable dye
FlAsH (commercial name Lumio)
without seriously perturbing normal
clathrin function at synapses. When
this protein conjugate is illuminated
with fluorescent light, however,
transient production of reactive
oxygen species inactivates clathrin
light chain and potentially other
proteins within a short (40 nm) radius
(Figure 2A). Since the function of
clathrin requires multimeric assembly,
inactivation of most of the cellular
clathrin light chain will effectively
eliminate clathrin function.
Heerssen and colleagues [4] found
that, after clathrin inactivation, motor
neurons quickly lost their ability to
evoke neurotransmitter release
following high-frequency stimulation.
Synapses could recover from partial
run-down of the synaptic-vesicle
pool following smaller bursts of
stimulation, suggesting that both the
exocytotic machinery and the
recruitment of vesicles from reserve‘Kiss-and-run’ Clathrin-mediated
endocytosis











Figure 1. Models of synaptic-vesicle retrieval.
Three models for synaptic-vesicle retrieval have been proposed, including a rapid kiss-and-
run pathway, clathrin-dependent reformation of vesicles directly from the plasma membrane,
and bulk internalization of membrane from which clathrin-dependent synaptic vesicles reform.
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Figure 2. Effects of disruption of clathrin and dynamin function at the Drosophila NMJ.
(A) Schematic of clathrin photo-inactivation using the FlAsH-FALI technique. (B) Even during
strong nerve stimulation, the steady state level of synaptic vesicles at a string of boutons at
the NMJs of wild-type flies is constant because exocytosed vesicles are replenished.
(C) Strong nerve stimulation after photo-inactivation of clathrin light chain blocks recycling
and results in accumulation of membrane lamellae. (D) Dominant inactivation of dynamin
blocks both recycling and bulk membrane internalization.stores persist in the absence of
clathrin function. EM studies of
depleted synaptic boutons revealed
a surprising and dramatic
accumulation of large-diameter
membrane structures (Figure 2C),
compared with the small-diameter
synaptic-vesicle profiles abundant
in control synapses (Figure 2B).
To determine the source of
these membrane structures, the
fluorescent endocytic tracer dye
FM4-64 was included during
high-frequency stimulation.
Surprisingly, clathrin-inactivated
synaptic boutons took up the dye at
levels similar to controls but were
unable to release it during a second
stimulation train. These results suggest
that the aberrant large-diameter
membrane structures observed by
EM are derived from endocytosis but
are not competent to be converted into
re-releasable synaptic vesicles.
Although it is possible that the large
membrane structures are infoldings
of the plasma membrane, two lines of
evidence argue against this. First,
the synaptic bouton volume did not
expand upon release of a large
number of synaptic vesicles.Second, the FM4-64 loaded during
high-frequency stimulation could not
be removed with extensive washing,
suggesting it was in an internal
compartment. Addition of FM4-64
after stimulation also failed to label
these compartments. Although the
abnormal membrane structures
could derive from a non-endocytic
clathrin-dependent event (such as
vesicle budding from an intracellular
compartment), these structures
accumulated only when synaptic
exocytosis was stimulated, suggesting
that they derive from membrane
deposited in the plasma membrane.
Given that synaptic-vesicle retrieval
and subsequent neurotransmitter
release appear to depend absolutely
on clathrin function, this study
refutes the presence of a
clathrin-independent kiss-and-run
mode of endocytosis for synaptic-
vesicle retrieval at the Drosophila
NMJ. Previous analysis of Drosophila
homologues of synaptojanin and
endophilin, proteins involved in
clathrin uncoating, had demonstrated
that endocytosis and subsequent
neurotransmitter release could
persist at reduced rates followinghigh-frequency stimulation [5–7].
Whether this residual release reflected
clathrin independent kiss-and-run
[5,6] or impaired classical endocytosis
[7] has been hotly debated. Since
clathrin inactivation completely
blocks neurotransmitter release and
synaptic-vesicle re-formation, current
evidence indicates that mutations in
the uncoating proteins reduce the rate
of classical endocytosis, as opposed
to uncovering a kiss-and-run pathway.
The striking differences in physiology
and morphology between the Davis
lab’s previous photo-inactivation
studies of the synaptic vesicle
calcium sensor, synaptotagmin 1,
and their current analysis of clathrin
make secondary off-target effects
seem unlikely [10]. It is theoretically
possible that kiss-and-run
endocytosis co-exists at the NMJ
and that vesicles can also be retrieved
by the classical clathrin-dependent
mechanism and are trapped in this
pathway when clathrin is inactivated.
However, the results are most
consistent with studies in which RNAi
knockdown of clathrin in hippocampal
synapses completely blocks
endocytosis of synaptic vesicles
following stimulation [9]. Although the
kiss-and-run mode of endocytosis
seems unlikely to account for
synaptic-vesicle recycling at the
Drosophila NMJ or hippocampal
synapse, evidence supporting its
existence in endocrine cells using
capacitance measurements is
much stronger [11]. There is little
doubt that the final word on the
existence, prevalence and location
of ‘kiss-and-run’ endocytosis has yet
to be written.
What are the residual, aberrant
membrane structures that accumulate
in the absence of clathrin? Much of
the field’s view about the endocytotic
cycle comes from classical studies
of the Drosophila dominant mutant,
shibirets1, which encodes a mutant
dynamin protein that presumably fails
to hydrolyze bound GTP at restrictive
temperatures [12]. In shibirets1
mutants, stimulation of motor
neurons results in depletion of the
synaptic-vesicle population and
accumulation of coated pits with
electron-dense collars at the plasma
membrane (Figure 2D) [8,13]. In
addition, these mutants do not take
up the endocytic tracer FM4-64 [14].
The marked differences in phenotype
compared with the effects of clathrin
Evolutionary Biology: Sterile Saviours
Sterile sperm castes are widespread, but their significance remains enigmatic.
New experiments on Drosophila pseudoobscura reveal that sterile sperm
may promote the survival of fertilising sperm inside the spermicidal female
reproductive tract.
Tracey Chapman
Sperm cells display magnificent and
variable morphology. Many of the early
ideas concerning sperm form and
function have been dispelled, e.g. the
inspired idea that sperm are sourced
directly from the male brain, as
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possible explanations of the
different endocytotic defects. First,
dominant-negativemutants of dynamin
might titrate away dynamin-binding
partners from other functions,
clogging up the membrane
internalization apparatus. Second,
clathrin-dependent endocytosis may
represent a specialized mechanism for
the formation of small, functional
synaptic vesicles, while dynamin-
dependent/clathrin-independent
endocytosis accounts for the majority
of bulk uptake. More consistent with
the first hypothesis, dynamin-1
knockout mice (which contain two
low-abundance dynamin isoforms
that may partially compensate) show
defects in synaptic-vesicle
endocytosis only under intense
stimulation, but have increased
synaptic-vesicle size, suggesting
that dynamin-1-mediated membrane
pinching serves to create vesicles
with a high degree of curvature [15].
Loss of Shibire, the single obvious
dynamin in Drosophila, is lethal [16],
so future studies employing acute
inactivation of dynamin might
be necessary to resolve the true
dependence of membrane
internalization on dynamin.
Could a potential dynamin-
dependent/clathrin-independent
membrane internalization mechanism
account for the aberrant membrane
structures observed in clathrin-
inactivated synapses, and could
these large-diameter compartments
normally have a transient function
in synaptic-vesicle endocytosis?
A wealth of recent evidence on
dynamin-dependent/clathrin-
independent endocytosis suggests
that this could be the case [17].
Dynamin and a host of lipid-binding
proteins coordinate polymerization
of the actin cytoskeleton to drive
clathrin-independent deformation of
lipids for a range of endocytic events
in all eukaryotes. In addition, EM
analysis of synaptic-vesicle recovery
at permissive temperatures following
Shibire inactivation has demonstrated
that large plasma-membrane
invaginations and eventual cisterna
form during recovery [18], somewhat
similar to those observed in acute
clathrin-inactivated synapses.
Synaptic vesicles are observed to
reform from the cisternal membranes,
consistent with a cisternal/
endosomal-type intermediate insynaptic-vesicle formation. Inducible
expression of clathrin RNAi in
cultured cells can also lead to the
striking accumulation of tubules
connected to the plasma membrane,
as well as the formation of
intramembranous multivesicular
compartments, again consistent with
a clathrin-independent membrane
internalization step of bulk membrane




or whether the majority of synaptic
vesicles can be reformed directly from
the plasma membrane. Regardless
of the mechanism, the study by
Heerssen and colleagues [4]
demonstrates that synaptic vesicle
reformation absolutely requires clathrin
function, striking another blow against
the kiss-and-run mechanism for
endocytosis.
References
1. Heuser, J.E., andReese,T.S. (1973). Evidence for
recycling of synaptic vesicle membrane during
transmitter release at the frog neuromuscular
junction. J. Cell Biol. 57, 315–344.
2. Ceccarelli, B., Hurlbut, W.P., and Mauro, A.
(1973). Turnover of transmitter and synaptic
vesicles at the frog neuromuscular junction.
J. Cell Biol. 57, 499–524.
3. Rizzoli, S.O., and Jahn, R. (2007). Kiss-and-
run, collapse and ‘readily retrievable’ vesicles.
Traffic 8, 1137–1144.
4. Heerssen, H., Fetter, R.D., and Davis, G.W.
(2008). Clathrin dependence of synaptic vesicle
formation at the Drosophila neuromuscular
junction. Curr. Biol. 18, 401–409.
5. Verstreken, P., Kjaerulff, O., Lloyd, T.E.,
Atkinson, R., Zhou, Y., Meinertzhagen, I.A., and
Bellen, H.J. (2002). Endophilin mutations
block clathrin-mediated endocytosis but not
neurotransmitter release. Cell 109, 101–112.
6. Verstreken, P., Koh, T.W., Schulze, K.L.,
Zhai, R.G., Hiesinger, P.R., Zhou, Y.,
Mehta, S.Q., Cao, Y., Roos, J., and Bellen, H.J.
(2003). Synaptojanin is recruited by endophilin
to promote synaptic vesicle uncoating. Neuron
40, 733–748.
7. Dickman, D.K., Horne, J.A., Meinertzhagen, I.A.,
and Schwarz, T.L. (2005). A slowed classical
pathway rather than kiss-and-run mediates
endocytosis at synapses lacking synaptojanin
and endophilin. Cell 123, 521–533.8. Kosaka, T., and Ikeda, K. (1983). Possible
temperature-dependent blockage of synaptic
vesicle recycling induced by a single gene
mutation inDrosophila. J.Neurobiol.14, 207–225.
9. Granseth, B., Odermatt, B., Royle, S.J., and
Lagnado, L. (2006). Clathrin-mediated
endocytosis is the dominant mechanism
of vesicle retrieval at hippocampal synapses.
Neuron 51, 773–786.
10. Poskanzer, K.E., Marek, K.W., Sweeney, S.T.,
and Davis, G.W. (2003). Synaptotagmin I is
necessary for compensatory synaptic vesicle
endocytosis in vivo. Nature 426, 559–563.
11. He, L., and Wu, L.G. (2007). The debate on
the kiss-and-run fusion at synapses. Trends
Neurosci. 30, 447–455.
12. Damke, H., Baba, T., Warnock, D.E., and
Schmid, S.L. (1994). Induction of mutant
dynamin specifically blocks endocytic coated
vesicle formation. J. Cell Biol. 127, 915–934.
13. Estes, P.S., Roos, J., van der Bliek, A.,
Kelly, R.B., Krishnan, K.S., and Ramaswami, M.
(1996). Traffic of dynamin within individual
Drosophila synaptic boutons relative to
compartment-specific markers. J. Neurosci. 16,
5443–5456.
14. Ramaswami, M., Krishnan, K.S., and Kelly, R.B.
(1994). Intermediates insynapticvesicle recycling
revealed by optical imaging of Drosophila
neuromuscular junctions. Neuron 13, 363–375.
15. Ferguson, S.M., Brasnjo, G., Hayashi, M.,
Wolfel, M., Collesi, C., Giovedi, S.,
Raimondi, A., Gong, L.W., Ariel, P., Paradise, S.,
et al. (2007). A selective activity-dependent
requirement for dynamin 1 in synaptic vesicle
endocytosis. Science 316, 570–574.
16. Grant, D., Unadkat, S., Katzen, A.,
Krishnan, K.S., and Ramaswami, M. (1998).
Probable mechanisms underlying interallelic
complementation and temperature-sensitivity
of mutations at the shibire locus of Drosophila
melanogaster. Genetics 149, 1019–1030.
17. Mayor, S., and Pagano, R.E. (2007). Pathways
of clathrin-independent endocytosis. Nat. Rev.
Mol. Cell Biol. 8, 603–612.
18. Koenig, J.H., and Ikeda, K. (1989).
Disappearance and reformation of synaptic
vesicle membrane upon transmitter release
observed under reversible blockage of
membrane retrieval. J. Neurosci. 9, 3844–3860.
19. Iversen, T.G., Skretting, G., van Deurs, B., and
Sandvig, K. (2003). Clathrin-coated pits with
long, dynamin-wrapped necks upon expression
of a clathrin antisense RNA. Proc. Natl. Acad.
Sci. USA 100, 5175–5180.
The Picower Institute for Learning and
Memory, Department of Biology and
Department of Brain and Cognitive Sciences,
Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139, USA.
E-mail: troy@mit.edu
DOI: 10.1016/j.cub.2008.02.014
